Ukhanov K, Corey EA, Brunert D, Klasen K, Ache BW. Inhibitory odorant signaling in mammalian olfactory receptor neurons. Odorants inhibit as well as excite olfactory receptor neurons (ORNs) in many species of animals. Cyclic nucleotide-dependent activation of canonical mammalian ORNs is well established but it is still unclear how odorants inhibit these cells.
I N T R O D U C T I O N
It is increasingly clear that the mammalian sense of smell is organized into subsystems, including functional subsets of olfactory receptor neurons (ORNs) in the main olfactory epithelium (OE) itself (for reviews, see Breer et al. 2006; Ma 2007; Munger et al. 2009 ). Organizational complexity extends to individual ORNs since it has been long known that odorants can inhibit as well as excite canonical ORNs in the OE, as in most species of animals (for review, see Ache and Young 2005) . Canonical ORNs are excited by the binding of odor molecules to their cognate odorant receptor (OR), which triggers a cyclic nucleotide signaling cascade that targets an olfactory cyclic nucleotide-gated (CNG) ion channel (Kaupp and Seifert 2002) . The resulting Ca 2ϩ influx into the ORN secondarily targets a Ca 2ϩ -activated chloride channel that further amplifies the output of the cell (Kleene 1993) . Negative feedback from the elevated Ca 2ϩ concentration causes a Ca 2ϩ / calmodulin-dependent decrease in the sensitivity of the CNG channel to cyclic adenosine monophosphate (cAMP) (Bradley et al. 2004 (Bradley et al. , 2005 . How odorants inhibit these cells, however, is still not understood.
A long-standing point of controversy has been whether phosphoinositide (PI) signaling plays a role in mammalian olfactory transduction (Gold 1999; Noe and Breer 1998; Schandar et al. 1998; Schild and Restrepo 1998) . More recent evidence suggests the need to revisit the potential involvement of PI signaling in olfactory transduction. Some mammalian ORNs express TRPM5 (Lin et al. 2007 ) and transient receptor potential (TRP) channels are a common downstream target of PI signaling in other systems (Liu and Liman 2003; Nilius et al. 2007 ). Exogenous phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ) negatively regulates the CNG channel (Zhainazarov et al. 2004 ) through complex interaction between PIP 3 and Ca 2ϩ / calmodulin at the N-terminus of the channel (Brady et al. 2006 ). PI3K-mediated activity leading to the production of PIP 3 can modulate odor-activated increases in intracellular Ca 2ϩ in acutely dissociated rodent ORNs (Spehr et al. 2002) . The latter two findings are particularly interesting in suggesting that PI3K-dependent signaling may mediate inhibitory odor input to mammalian ORNs.
Activation of PI3K, which generates 3Ј-phosphorylated inositol lipids, especially PIP 3 in vivo, is an important signaling pathway through which cell-surface receptors regulate processes as diverse as proliferation, growth, survival, and intracellular trafficking (Fruman et al. 1998; Vanhaesebroeck et al. 2001) , including the survival of mammalian ORNs (Moon et al. 2009 ). Thus it is critically important to establish the particular functional context in which PI3K-mediated signaling operates. If, as the emerging data could suggest, PI3K-dependent signaling mediates inhibitory input into rat ORNs, it should be possible to support several predictions. At least one isoform of PI3K known to couple through heteromeric G proteins, as do mammalian ORs (Jones and Reed 1989) , should be expressed in mature ORNs. Odorants should rapidly and transiently activate PI3K. Finally, isoform-specific blockade of PI3K should effectively relieve inhibitory input in vivo, for example, by increasing the magnitude and/or the onset of the electrophysiological response of an ORN to an inhibitory odorant pairing.
We are now able to show that the ␤ and ␥ isoforms of PI3K occur in membranes enriched in olfactory cilia, at least one of which can be localized to mature rat ORNs. We then show that odorants rapidly and transiently activate PI3K in rat olfactory cilia in vitro and in the dissociated OE. Finally, we show that ␤ and ␥ isoform-specific inhibition of PI3K can increase the magnitude and onset of the electrophysiological response of ORNs to an odorant mixture of sufficient complexity to contain excitatory and inhibitory odorants, and that the ability of a single odorant to inhibit another is PI3K dependent. We conclude that PI3K-dependent signaling serves at least in part to mediate inhibitory odorant input to rat ORNs.
M E T H O D S

Preparation of the intact olfactory epithelium
All experiments were performed on adult Sprague-Dawley rats Ն6 wk old. All procedures were carried out in accordance with protocols approved by the Institutional Animal Care and Use Committee of the University of Florida. Rats were killed by inhalation of carbon dioxide and decapitated. The head was opened to keep the septum and the underlying olfactory turbinates intact. The septal olfactory epithelium (OE) was dissected free of the head and maintained in a petri dish filled with ice-cold modified artificial cerebrospinal fluid (ACSF) saturated with 95% O 2 -5% CO 2 that contained (in mM): 120 NaCl, 25 NaHCO 3 , 5 KCl, 1.25 Na 2 HPO 4 , 1 MgSO 4 , 1 CaCl 2 , and 10 glucose (305 mOsm). A small piece of the septal OE was excised and transferred to a recording chamber (RC22, Warner Instruments) and secured with a custom-made holder for stability. Oxygenated ACSF was continuously superfused into the recording chamber at about 2 ml/min. All experiments were performed at the room temperature (20 -22°C).
Electrophysiological recording from rat ORNs in situ
Extracellular electrical activity was recorded from the dendritic knobs of ORNs in the piece of septal epithelium using patch-clamp recording in the loose-patch configuration. The dendritic knobs were visualized using the infrared-differential interference contrast mode of an upright microscope (ZeissAxioskop 2 FS; Carl Zeiss Microimaging, Thornwood, NY) equipped with a ϫ40 water-immersion objective and a charge-coupled detector (CCD) camera. Recordings were made using patch pipettes pulled from a standard borosilicate glass (OD, 1.5 mm; Sutter BF-150) on a horizontal micropipette puller (P-87, Sutter Instrument) followed by fire polishing. Electrodes were filled with a normal Ringer solution containing (in mM): 140 NaCl, 5 KCl, 1 MgCl 2 , 1 CaCl 2 , and 10 HEPES (pH 7.4, 305 mOsm). The typical seal resistance in the loose-patch configuration was 40 -80 M⍀. Spontaneous and stimulation-evoked extracellular action potentials (spikes) were acquired at 10 kHz using an Axopatch 200A amplifier connected to an A/D signal converter interface (Digidata 1320) and controlled by Clampex 9.2 software (Molecular Devices, Sunnyvale, CA). Off-line analysis of electrophysiological recordings and spike sorting were performed using Clampfit 9.2 or IgorPro 4.09 (WaveMetrics, Lake Oswego, OR) software.
Ca imaging recording from acutely dissociated rat ORNs
Acutely dissociated rat ORNs were obtained using a standard procedure. In brief, olfactory tissue was dissected and placed in low-Ca 2ϩ (0.1 M free Ca 2ϩ buffered with EGTA) Ringer supplemented with 0.5 mg/ml papain (Sigma-Aldrich) and 10 units/ml DNAse (Sigma-Aldrich). The tissue was incubated with enzymes for 20 min at 37°C in a 5% CO 2 incubator, washed gently with normal oxygenated ACSF several times, chopped with a razor blade, and accurately triturated with a fire-polished glass pipette. The resulting suspension was filtered through a 40-m cell strainer (BD Bio-Sciences) into a clean glass tube and stored at 4°C until needed. An aliquote of the suspension was mixed with 10 M Fluo-3 AM containing 0.04% Pluronic F127 and placed on a glass coverslip coated with concanavalin A (Sigma-Aldrich) in a recording chamber (RC22, Warner Instruments). Dye loading was complete within 30 min at 37°C. The recording chamber was mounted on an inverted microscope (Axiovert 200, Carl Zeiss) and the cells were viewed using a ϫ10, NA 0.5 Fluar objective lens. Oxygenated ACSF was continuously superfused over the cells at 2 ml/min. The cells were illuminated at 500 nm (BP500 filter) using a rapid-wavelength switcher (Lambda DG-4, Sutter Instrument) at 100 ms per frame every 2 s. The excitation light was additionally attenuated 10-fold with a neutral-density filter to avoid photobleaching of the dye. The emitted light was collected at 530 nm (BP530 filter) by a 12-bit cooled CCD camera (SensiCam, PCO, Kelheim, Germany). Both the illumination and image acquisition were controlled by Imaging Workbench 5.2 software (INDEC BioSystems). Fluorescent signals were corrected for background and are presented as a fractional change in fluorescent light intensity: (F Ϫ F 0 )/F 0 , where F is the fluorescent light intensity at each pixel and F 0 is the initial fluorescence at the beginning of the recording. Only functional ORNs activated by a mixture of 100 M 3-isobutyl-1methylxanthine (IBMX, a phosphodiesterase inhibitor) and 10 M forskolin (a unique diterpene agonist of adenylate cyclases) or an odor (Henkel-100 [H100] at 10 Ϫ4 dilution) were used in the experiments. Each cell was assigned a region of interest (ROI) and changes in fluorescence intensity within each ROI were analyzed using Imaging Workbench 5.2 and IgorPro 4.09 software.
Odorant stimulation
Odorants were delivered as solutions. H100, a complex odor mixture (Wetzel et al. 1999) , was dissolved 1:1 in anhydrous dimethylsulfoxide (DMSO) as a stock. Citral and octanol (both from Sigma-Aldrich) were prepared as 0.5 M stock solutions. Final solution was prepared fresh daily from the stock by diluting in ACSF with extensive vortexing and sonication. Both dosage of H100 and concentration eliciting half-maximal response (EC 50 ) used in this study are expressed as log units of the actual dilution. Average concentration of H100 odorants in the original undiluted mixture was estimated as 60 mM. ACSF supplemented with 0.1% DMSO as a carrier for odors served as the control solution. For electrophysiological recording, odor solutions were delivered to the dendritic knobs by a focal pressure injection from a seven-barrel pipette (FHC, Bowdoin, ME), with a tip size of 5 m positioned approximately 100 -200 m upstream of the recording site. Pressure pulses were triggered by a Picospritzer (General Valve, Fairfield, NJ) under the control of Clampex software. Estimated delay of the odorant delivery did not exceed 100 ms, as measured for the responses evoked by pressure pulses of ACSF containing 45 mM KCl.
For Ca 2ϩ imaging, odor solutions were delivered from independent gravity-fed supply lines connected to the perfusion chamber through a multichannel Teflon manifold (Warner Instruments). Odor or IBMX/forskolin solutions were applied for 5 s to provide sufficient volume to replace the solution in the recording chamber.
Western blotting and immunohistochemistry
Membrane fractions enriched in rat olfactory cilia were obtained as previously described (Washburn et al. 2002) . Protein concentrations were determined using a Coomassie Plus Bradford assay (Pierce, Rockford, IL) and equal amounts were loaded per well for separation by SDS-PAGE (4 -12% Bis-Tris NuPAGE; Invitrogen, Carlsbad, CA). The proteins were transferred to nitrocellulose membranes and the membranes were blocked with either 5% milk [anti-PI3Kpan (H-239) and anti-PI3K␤ (S-19), both from Santa Cruz Biotechnology (Santa Cruz, CA)] or 5% BSA [anti-PI3K␥ (4252; Cell Signaling, Danvers, MA)] in PBS-T (PBS, pH 7.4 with 0.1% Tween 20) for 1 h at room temperature prior to incubation with the primary antibodies. For immunostaining the nasal septum was dissected, embedded in OCT, and rapidly frozen in methylbutane cooled on dry ice. Coronal cryosections of the nasal septum (12 m thick) were postfixed in acetone for 10 min at Ϫ20°C and air-dried. The sections were incubated with primary antibodies, the same anti-PI3K␤ used for Western blotting and goat polyclonal anti-olfactory marker protein (anti-OMP; Wako Chemicals), overnight at 4°C. Alternatively, cryosections were obtained from the rat nose dissected free of bones and fixed in 4% paraformaldehyde overnight at 4°C, cryoprotected in 30% sucrose (0.1 M PBS), and frozen in OCT. These sections were double labeled with mouse monoclonal antibody against p110␤ (gift from Dr. Emilio Ciraolo et al. 2008 ) and rabbit polyclonal antibody against adenylate cyclase 3 (Santa Cruz Biotechnology). Finally, sections were incubated consecutively with the respective secondary antibodies for 1 h at room temperature and examined with a confocal laser scanning microscope (Leica TCS SP2; Leica Microsystems) using a ϫ63, NA 1.2 water-immersion objective lens. Image process-ing and final rendering were done using Adobe Photoshop CS2 and CorelDraw12. All images were processed to maintain equally balanced brightness, contrast, and color.
Overlay dot blot and ELISA assay
Olfactory ciliary membranes or intact cells dissociated from the OE were incubated with H100 (10 Ϫ3 dilution) for different time periods. To block PI3K activity the cells were preincubated with 10 M 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002; Calbiochem, San Diego, CA) for 10 min before adding H100. Enzyme reactions were stopped by immediate freezing of samples in liquid N 2 followed by the addition of ice-cold 0.5 M trichloroacetic acid. Membrane fractions were centrifuged 5 min at 1,500 rpm. The pellet (or dissociated cells) was further treated with MeOH:CHCl 3 :HCl (80:40:1) to extract lipids. The aqueous phase was dried in a vacuum dryer (800 rpm, Savant Speedvac Plus SC 110A). Dried lipids were resuspended in 120 l PIP 3 buffer and placed in multiwell plates provided by Echelon (PIP 3 Mass ELISA Kit, Echelon Biosciences). 3Ј-Phosphorylated phospholipids were detected using a protein lipid overlay assay (PIP 3 Mass Strip Kit) or by using a PIP 3 Mass ELISA Kit, following the manufacturer's protocols (Echelon Biosciences). The plates were read on a plate reader (Bio-Rad Laboratories, Hercules, CA) at 450 nm. The data were quantified with standards (0.625 to 20 pmol of PIP 3 per well) and analyzed with Microplate Manager 4.0 software (Bio-Rad Laboratories).
Data analysis
All data are expressed as means Ϯ SE. Statistical significance was assessed using Student's unpaired t-test using GraphPad Prism. For the concentration-dependence functions, data were fitted to the Hill equation yielding the Hill coefficient (k H ) and EC 50 value using built-in function in IgorPro.
R E S U L T S
PI3K is expressed in the olfactory cilia of mature rat ORNs
We focused attention on the ␤ and ␥ isoforms of PI3K known to couple through G proteins in other systems (Maier et al. 1999; Murga et al. 2000; Yart et al. 2002) . A band of appropriate size was detected on a Western blot of a ciliaryenriched membrane fraction of the rat OE by pan-specific, p110␤-specific, and p110␥-specific polyclonal antibodies (Fig. 1A) . These antibodies are highly specific for p110 protein detection in Western blots in mice (Ciraolo et al. 2008; Guillermet-Guibert et al. 2008; Murga et al. 2000) . A 110-kD protein band was not detected in the blots where the primary antibodies were omitted (unpublished data). Rat spleen, known to be enriched in PI3K (Li et al. 2000) , served as a positive control for p110 proteins. Since Յ2-5% of the total protein in the ciliaryenriched membrane fraction of the OE can be from cell types other than ORNs (Mayer et al. 2008) , we attempted to localize p110␤ immunoreactivity within the rat OE. p110␤ was present in many, if not most, ORNs in OE ( Fig. 1B, top left) , as could be confirmed by its ability to colocalize with olfactory marker protein (OMP), a signature protein for mature ORNs (Fig. 1B , middle right). The immunoreactivity was significantly less in the apical zone of the OE between the ciliary layer and cell . C: total PI3K activity measured as pmol of 3Ј-phosphorylated inositol lipids per 50 g of protein with an enzyme-linked immunosorbant assay (ELISA) assay in membranes isolated from the cells dissociated from OE and incubated with Henkel-100 (H100, 10 Ϫ3 dilution) for 5 s. The level of PI3K activity in the absence of odorant (left bar) was below the detection threshold. 2-(4-Morpholinyl)-8phenyl-4H-1-benzopyran-4-one (LY294002, 10 M; red bar) significantly reduced the odorant-dependent increase in PI3K activity (t-test: *P Ͻ 0.05). D: direct detection of phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ) using an overlay dot blot. Left: schematic of the actual blot shown on the right. Data shown are representative of 4 independent experiments. Incubating olfactory ciliary membranes with H100 (10 Ϫ3 dilution) for the indicated period of time transiently elevated levels of PIP 3 at 2 and 5 s (lane 1). PIP 3 standards (lane 2) were used to estimate the absolute concentration generated. The inability of the probe to detect different from PIP 3 phospholipids (lane 3) controlled for the specificity of the method. bodies of ORNs where the sustentacular and microvillar cells reside ( Fig. 1B, middle right) . Also p110␤ immunoreactivity could be confirmed in the ciliary layer by its ability to colocalize with adenylate cyclase 3, a specific marker for olfactory cilia (Bakalyar and Reed 1990) (Fig. 1B, bottom right) . The broad distribution of p110␤ across the rat OE argues against its expression being confined to a special subpopulation of ORNs. Localization of p110␥ immunoreactivity within the OE was not possible due to the lack of a p110␥-specific antibody suitable for immunohistochemistry. However, very strong evidence of broad tissue distribution of p110␥ in the OE comes from a p110␥/LacZ transgenic mouse (Hirsch et al. 2000) , where the LacZ reporter is expressed throughout the OE, suggesting that p110␥, like p110␤, is expressed in most, if not all, ORNs in rodents (Brunert et al., unpublished data) .
Odors rapidly and transiently activate PI3K in rat ORNs and olfactory cilia
We then determined whether the PI3K in rat ORNs indeed is activated by odorants. From essentially undetectable basal levels Henkel-100 (H100, 10 Ϫ3 dilution) substantially raised the PI3K activity in the OE measured by ELISA (Fig. 1C, n ϭ 8) . At this dilution each component of the 100 components in H100 is approximately at 60 M concentration, equal to or exceeding the EC 50 at which odorants typically activate mammalian ORNs under physiological conditions (Araneda et al. 2004; Duchamp-Viret et al. 1999; Ma et al. 1999; Peterlin et al. 2005) . LY294002 (10 M), a pan-specific inhibitor of PI3K (Vlahos et al. 1994) , significantly reduced the level of odorstimulated PI3K activity by 2.5-fold (Fig. 1C, n ϭ 5) . Because the PI3K activity was not necessarily localized to the ciliary (transduction) compartment in this dissociated OE cell assay, we further measured the ability of H100 to stimulate PI3K in an enriched olfactory ciliary membrane preparation. H100 (10 Ϫ3 dilution) consistently raised the concentration of PIP 3 as measured with a protein overlay assay within 10 s of odor stimulation over undetectable levels of PIP 3 prior to odorant stimulation (Fig. 1D, n ϭ 4) . The fastest increase in the level of PIP 3 occurred within 2 s of odor stimulation and was transient, in agreement with an earlier report from our lab (Klasen et al. 2010) .
Blocking PI3K modulates the rapid electrophysiological output of rat ORNs
We then determined whether blocking PI3K could modulate the electrophysiological output of ORNs in situ. In the absence of odor stimulation, ORNs generated random action potentials at an average frequency between 0.03 and 7 Hz (1.1 Ϯ 1.8 Hz, n ϭ 18) as recorded with loose-patch electrodes attached to the dendritic knob in the semi-intact preparation of OE ( Fig. 2A,  top traces) . In all, 55% of the ORNs stimulated with H100 (0.5 s, n ϭ 51 cells) responded with a transient burst of action potentials in a concentration-dependent manner ( Fig. 2A, left) . The data from individual cells were fit to the Hill equation. The average EC 50 value of the response to H100 was 10 Ϫ4.3 dilution. This dilution translates to about 3 M for each component in the mixture.
Preincubating the OE with the pan-specific PI3K inhibitor wortmannin (100 nM; Arcaro and Wymann 1993) for 3 min prior to stimulation with H100 increased the response in 3/30 (10%) of the ORNs tested at the lowest concentration of H100 (10 Ϫ5 dilution; Fig. 2A, left vs. right) . In most cases the effect of PI3K inhibitors was reversed after washout, as with the Ca 2ϩ responses shown in the following text. The effect held across a range of odorant concentrations, as could be tested in one exceptionally stable cell ( Fig. 2A ), suggesting that wortmannin effectively left-shifted the dose-response function to the odorant. Another pan-specific PI3K inhibitor, LY294002 (10 M), similarly increased the response to H100 compared with the pretreatment response in 4/27 (15%) of the ORNs tested (Fig. 2B) . Although the reported half-maximal inhibitory concentration (IC 50 ) of LY294002 is about 500-fold higher than that of wortmannin, LY294002 is widely used in cell biology as a specific PI3K inhibitor because it is much more stable than wortmannin in aqueous solution. LY303511, an inactive form of LY294002, had no effect on the response to H100 in any of 126 ORNs tested in electrophysiological and Ca 2ϩ imaging experiments (data not shown).
It is important to note that blocking PI3K specifically increased the overall onset (i.e., the early phase) of the response as reflected in an earlier onset and increased peak frequency of discharge. This can be clearly seen in one cell at an expanded sweep speed (Fig. 3, A and B) . Data from a total of four cells recorded under the same conditions and showing an increase of the odorant response induced by wortmannin or LY294002 were pooled and analyzed. Blocking PI3K increased the peak number of action potentials roughly threefold from 17 Ϯ 3 to Pan-specific inhibition of PI3K increases the rapid electrophysiological response of some rat ORNs in situ. A: raster plots of the response of one cell to increasing concentrations of H100 before (left) and after (right) exposure to wortmannin (100 nM). The log dilution of H100 is indicated at the left of each raster plot of spike discharge. Note: blocking PI3K does not affect control response to Ringer (Ri) solution, whereas it increases the response to H100 by an order of magnitude in a concentration-dependent manner. The complete reversal of the inhibitor's effect allowed us to perform these measurements. B: representative recordings from the dendritic knob of a different ORN before (left), during (middle), and after (right) exposure to LY294002 (10 M), another pan-specific PI3K inhibitor. Plotted below each trace is a histogram of the discharge frequency in 1-s bins as a function of time. Note that, like wortmannin, LY294002 also reversibly increased the peak magnitude and onset of the response. 48 Ϯ 10 spikes (P ϭ 0.014, n ϭ 6) ( Fig. 3C ) and decreased the latency of the evoked discharge from 1.65 Ϯ 0.26 to 0.96 Ϯ 0.08 s (P ϭ 0.031, n ϭ 6) ( Fig. 3D) .
Known G-protein-coupled isoforms of PI3K can be implicated in modulating the output of ORNs
We then determined whether specific blockers of isoforms of PI3K known to couple through G proteins in other systems had the same effect as the pan-specific blockers tested earlier. Like the pan-specific inhibitors, PI3K␥ inhibitor-1 (1 M, original name AS-605240), a PI3K␥-selective inhibitor , could also increase the magnitude and decrease the latency of the electrophysiological response to H100 (Fig. 4A ) and did so with a similar incidence (3/19 cells, 16%) to the pan-specific inhibitors. The incidence of the effect measured electrophysiologically could be verified in a larger population of cells with Ca 2ϩ imaging. Only cells in good physiological condition and confirmed as canonical ORNs by their response to 100 M IBMX and 10 M forskolin were used in this analysis. Another highly PI3K␥ selective inhibitor, AS252424 (IC 50 of 35 nM for PI3K␥ compared with Ͼ20,000 nM for PI3K␤; Condliffe et al. 2005) , reversibly increased the Ca 2ϩ response to H100 (10 Ϫ5 dilution) in 34/347 (9.8%) of the cells tested (Fig. 4B) . Also like the pan-specific inhibitors, TGX-221 (200 nM), which is highly specific for PI3K␤ at 200 nM (IC 50 of 7 nM for PI3K␤ compared with 3,500 nM for PI3K␥; Condliffe et al. 2005) , increased the Ca 2ϩ response to H100 (Fig. 4C ) and did so in 32/308 (10.4%) of the cells tested. Due to differences in the sensitivity of individual cells it is impossible to directly determine the effect of blocking PI3K activity. Therefore to quantitatively measure the extent of the effect we measured the concentration dependence before and after treatment of cells with the isoform-specific PI3K inhibitors. Results similar to those shown in Fig. 4, B and C were obtained from a total of 9 cells using the PI3K␥ blocker and another 10 cells using the PI3K␤ blocker. The data were normalized for each cell to the saturating response evoked by application of 100 M IBMX and 10 M forskolin (Fig. 4, B and C) . The derived concentration dependence of the odorant responses (R) was fitted by the Hill equation, R ϭ R max /{1 ϩ (EC 50 /C)k H }, where EC 50 is the concentration of H100 (C) eliciting half-maximal response and k H is the Hill coefficient. AS-252424 left-shifted the dose-response function by Ϫ0.62 Ϯ 0.11 log unit (n ϭ 10, P Ͻ 0.005) (Fig. 4D) , whereas TGX-221 similarly shifted the dose-response function by Ϫ0.62 Ϯ 0.08 log unit (n ϭ 9, P Ͻ 0.005) ( Fig. 4E ), suggesting that both isoforms are equipotent. Interestingly, both isoform-selective inhibitors could act on the same ORN. All of 12 cells that showed an effect to one inhibitor and on which the other was tested also showed the same effect to the other inhibitor (Fig. 4F ).
Inhibition of a single odorant by another can be PI3K dependent
The PI3K-dependent enhancement of the response to complex odorants suggests that PI3K activity may control inhibition induced by one or more odorants in the odorant mixture. If so, it should be possible to show that the inhibition of one single odorant by another one is PI3K dependent. Since identifying a pair of odorants showing inhibition in any particular cell could be inherently difficult, we focused on testing binary odorant mixtures already shown to display antagonistic interaction, such as octanol and citral (Peterlin et al. 2005) . Canonical ORNs activated by octanol (50 M) were subsequently tested with citral (100 M). Surprisingly, 13 of 91 (14.3%) cells tested showed a consistent and significant reduction in the response to the stronger agonist when both odorants were coapplied (Fig. 5, A and B) . Responses in each individual cell were normalized to the saturating response induced by H100 (10 Ϫ4 dilution) and the data were pooled. Citral itself was not an effective ligand for these ORNs compared with octanol ( Fig. 5B) . In all 13 of these cells, LY294002 (10 M) relieved the inhibition in the same manner observed in cells showing PI3K-dependent enhancement of the response to the complex odorant H100. To control for the specificity of the effect we tested the PI3K isoform-selective inhibitors, AS-252424 and TGX-221 (200 nM), and the inactive analog of LY294002, LY303511 (10 M). As expected, AS-252424 and TGX-221 also relieved the citral-induced inhibition of the response to octanol, whereas LY303511 was completely ineffective (n ϭ 3, data not shown). Coapplying both odorants failed to reduce the Ca 2ϩ response evoked by the stronger agonist in the remaining 78 of 91 (85.7%) of the canonical ORNs; in these cells LY294002 (10 M) had no effect on the response to Fig. 2A at higher sweep speed. B: plot of the instantaneous spike frequency (IF) of the same 2 responses as a function of time from the pressure pulse trigger (vertical dotted line in A). First point of the IF plot corresponds to the first spike. Note: wortmannin reduces the latency and increases the peak magnitude and rate of rise of the response (black trace) compared with control (gray trace). C: plot of the peak magnitude of the response measured as a total number of action potentials within the 20-s interval following stimulation with H100 (10 Ϫ4 dilution) before (control) and following exposure to wortmannin or LY294002 (inhib). D: plot of the latency of the responses before (control) and after exposure to the inhibitors (inhib) measured as the time between the trigger of the odorant pulse and the first evoked action potential. Measurements (n) were done in 4 cells and were significant (t-test: *P Ͻ 0.05; **P Ͻ 0.01). octanol/citral (Fig. 5B) . Understanding the mechanism of this interaction-i.e., whether blocking PI3K controls the agonistic properties of citral and/or octanol-awaits future research.
D I S C U S S I O N
PI3K signaling can play a role in numerous constitutive cellular functions, including the survival of mammalian ORNs (Moon et al. 2009 ), so establishing the time course of activation of PI3K is critical to implicate PI3K in a rapid cellular function such as olfactory transduction. Finding that inhibition of PI3K increases the peak magnitude and onset of the electrophysiological response to H100 and that H100 rapidly elevates levels of PIP 3 not only in olfactory cilia in vitro (Klasen et al. 2010 ) but also in dissociated ORNs within several seconds argue not only that the enzyme is functional and can be activated by odorants, but also that it can be activated sufficiently fast to play a role in transduction. Although PI3K activity rise time of 2 s is still relatively slow compared with the Ͻ1-s latency of the electrophysiological response of cells to odor stimulation, it is within an acceptable range, considering the level of PIP 3 that could be measured by either assay was just above the threshold of detection. Such rapid activation of PI3K by odorants is consistent with evidence that PI3Kdependent translocation of PIP 3 triggered by activation of G-protein-coupled receptors (GPCRs) occurs within seconds in Dictyostelium (Dormann et al. 2004 ) and mouse leukocytes (Condliffe et al. 2005) .
We conclude, as assumed, the pharmacological blockade targeted the transduction compartment. We never observed, for example, any effect of blocking PI3K on Ca 2ϩ responses evoked by KCl-dependent membrane depolarization (data not shown). Although LY294002 can act directly on other targets, including voltage-gated K ϩ and Ca 2ϩ channels (El-Kholy et al. 2003; Welling et al. 2005) , members of the type II AAA ATPase family, and other proteins unrelated to PI3K (Gharbi et al. 2007) , we could reproduce the same odorant-dependent effects with wortmannin, a structurally dissimilar yet highly potent specific PI3K blocker, in agreement with earlier findings from our lab (Spehr et al. 2002) . Another possible confound is that L-type Ca 2ϩ channels (Ca v 1.2) can be directly potentiated by PIP 3 (Le Blanc et al. 2004 ) and L-type Ca 2ϩ channels are abundantly expressed in mammalian ORNs (Trombley and Westbrook 1991) , where they are primarily responsible for the odorant-induced Ca 2ϩ influx used as a readout in our Ca 2ϩ imaging experiments. The caveat here is that PI3K blockade reduces PIP 3 levels and would be expected to decrease the odorant-induced Ca 2ϩ signal if it were acting on L-type Ca 2ϩ channels, the opposite effect to what we actually observed in our experiments. Finally, we could show the same effect using blockers shown to be highly isoform selective inhibitors of . p110␥-and p110␤-specific inhibition of PI3K enhances the odorant response in rat ORNs. A: PI3K␥ inhibitor-1 (1 M) significantly increased the rapid electrophysiological response of rat ORNs in situ. Representative recording from the dendritic knob of one ORN stimulated by H100 (0.5 s, 10 Ϫ4 dilution). Inhibiting PI3K significantly increased the peak magnitude and the rate of rise, while decreasing the latency of the response, mimicking the effect of a pan-specific blockade (Fig. 2) . The average spike frequency (SF) plotted as a histogram of the number of spikes in 1-s bins is shown under each trace. B and C: representative Ca 2ϩ responses of 2 other dissociated rat ORNs to H100 (10 Ϫ5 dilution) applied for 5 s at 100-s intervals (arrowheads). B: AS-252424 (424, 200 nM, black bar) , another highly selective inhibitor of PI3K␥, increased the Ca 2ϩ response to H100. C: TGX-211 (TGX, 200 nM, black bar), a highly selective inhibitor of PI3K␤, can also increase the Ca 2ϩ response to H100. The ability of the cells to respond to 100 M 3-isobutyl-1-methylxanthine (IBMX)/10 M forskolin (IF) denotes them as canonical ORNs. The cells retain the ability to respond to a higher concentration of H100 (H-4, 10 Ϫ4 dilution). The inhibitors alone did not induce a response. D and E: plots showing the normalized peak magnitude of the Ca 2ϩ signal evoked by H100 before (solid symbols) and after (open symbols) inhibition of PI3K with the PI3K␥ inhibitor AS-252424 (200 nM) and the PI3K␤ inhibitor . Responses were normalized to the response evoked by IBMX/ forskolin. Solid lines represent the best fit of the pooled data with the Hill equation with the following parameters: (D) control k H ϭ 0.98, concentration eliciting half-maximal response (EC 50 ) ϭ 10 Ϫ5.01 dilution, AS-252424, k H ϭ 1.3, EC 50 ϭ 10 Ϫ5.56 dilution; (E) control k H ϭ 1.4, EC 50 ϭ 10 Ϫ4.55 dilution, TGX-221, k H ϭ 1.6, EC 50 ϭ 10 Ϫ5.16 dilution. F: representative Ca 2ϩ response of another dissociated rat ORN to H100 (10 Ϫ5 dilution) applied for 5 s at 100-s intervals (arrowheads) before and following blockade with AS-252424 (424, 200 nM) and 200 nM) . The cell retains the ability to respond to a higher concentration of H100 (H-4, 10 Ϫ4 dilution) and to IBMX/forskolin (IF). Similar effect was found in a different 11 cells. Arrowheads indicate time of test odorant application. PI3K in other systems Chaussade et al. 2007; Ciraolo et al. 2008; Guillermet-Guibert et al. 2008) .
The direction of the effect of PI3K blockade on the electrophysiological response to H100, like the effect on the Ca 2ϩ response reported earlier (Spehr et al. 2002) , was always to increase the magnitude of the response, suggesting that blockade of PI3K could be relieving inhibition from one or more inhibitory odorants in the mixture. Our ability to now show blockade of PI3K relieves inhibition of a single odorant on another strongly supports that interpretation. Our data also indicate that the magnitude of the effect can be significant. The PI3K-dependent increase in both the electrophysiological discharge and the Ca 2ϩ response of the cells translated into a left-shift of the dose-response curve of about 0.6 log unit. This shift correlates to that evoked by exogenous PIP 3 on the native olfactory CNG channel, which right-shifted the cAMP-dependent activation of the channel by 0.78 log unit (Zhainazarov et al. 2004) . Although the ability of PIP 3 to suppress the sensitivity of the olfactory CNG channel to cAMP could potentially account for the electrophysiological effect we report here, we have yet to understand the detailed mechanism of action of PI3K-dependent inhibition in vivo.
We conclude that PI3K signaling functions in many ORNs rather than in a specialized subset of cells. Many, if not most, cells in the ORN layer were immunopositive for PI3K␤, an isoform of PI3K that could be implicated functionally. Although localization of PI3K␥ in rat tissue was not possible for technical reasons, results from PI3K␥ transgenic mice (Brunert et al., unpublished data) indicate that this isoform is equally abundant in the OE of rodents. Ubiquitous expression would also be consistent with our pharmacological evidence that isoform-specific blockade of both PI3K␤ and PI3K␥ can modulate the output of the same ORNs. The functional significance of having both the ␤ and ␥ isoforms of PI3K in the same cell is unclear and beyond the scope of the present study, although the ␤ and ␥ isoforms of PI3K function in a redundant manner in human neutrophils, mouse fibroblasts, and macrophages (Condliffe et al. 2005; Guillermet-Guibert et al. 2008 ) and could do so in ORNs as well.
We conclude that PI3K-dependent signaling occurs in mature canonical ORNs. PI3K␤ could be colocalized with OMP and adenylate cyclase 3, markers for mature functional ORNs. Cells showing PI3K-dependent modulation could be recorded by patch-clamping dendritic knobs projecting at the surface of the OE, typically assumed to extend from mature, functional ORNs. Finally, cells showing PI3K-dependent, including PI3K␤-dependent, modulation responded to IBMX/forskolin, hallmark probes for the cyclic nucleotide signaling pathway in mature canonical ORNs. The presence of PI3K signaling in many mature ORNs and not just a specialized subset of cells is consistent with the idea that PI3K-dependent signaling serves a fundamental role in canonical ORNs such as mediating inhibitory input.
Finding PI3K in many or most mature ORNs would seem to conflict with the observation that only 10 -15% of the cells activated by H100 showed PI3K-dependent response enhancement. We interpret the incidence of the effect to be constrained by the odorant. H100 was used as an odorant to increase the possibility of having at least one excitatory and one inhibitory ligand for a reasonable percentage of ORNs. Even an odorant like H100, however, contains only a small fraction of the potential ligands for the nearly 1,500 ORs predicted in mouse and rat (Godfrey et al. 2004; Quignon et al. 2005) . Accordingly, one would predict the incidence of seeing a physiological effect even in response to H100 would be relatively low. Our ability to show that the inhibition of one single odorant on another is PI3K dependent supports this interpretation. The incidence rate of the effect could also depend on the concentration of individual odorants. For example, in H100 used in experiments each odorant was present at about 0.6 M, close to the absolute sensitivity threshold. However, in the experiment with a binary mixture both octanol and citral were at 50 and 100 M, probably having a better chance to activate PI3K signaling and thus to increase the probability of detecting the effect. Inhibition of one single odorant on another is PI3K-dependent. A: representative recording of the Ca 2ϩ response from one of 13 dissociated rat ORNs activated by octanol (OOL, 50 M) in which citral (CIT, 100 M) evoked little or no Ca 2ϩ response but substantially inhibited an almost saturating response to OOL. Preapplication of LY294002 (LY294, 10 M) for 10 s completely relieved the CIT-dependent inhibition in all 13 cells. B: responses in each individual cell were normalized to the response induced by a common concentration of H100 (H-4, 10 Ϫ4 dilution) and the data pooled. Note that citral was not an effective agonist for these ORNs, yet potently inhibited the response to octanol (t-test: ***P Ͻ 0.001; n, number of measurements). C: representative recording of the Ca 2ϩ response from one of 78 other cells activated by OOL (50 M), CIT (100 M), and their mixture (OOL/CIT). CIT did not change the magnitude of the response to OOL, nor did LY294002 (LY294, 10 M) change the response to OOL/CIT. Control responses to a higher concentration of H100 (H-4, 10 Ϫ4 dilution) and 100 M IBMX/10 M forskolin (IF) denote the cell as canonical ORN. Arrowheads indicate time of odorant application.
We conclude that PI3K is activated through G proteins. AS-605240 and AS-252424, both well-characterized inhibitors with high selectivity for PI3K␥, mimicked the effect of the pan-specific inhibitors on both the electrophysiological and the Ca 2ϩ responses of the cells. PI3K␥ is well established to couple through GPCRs in other systems (Graness et al. 1998; Maier et al. 1999 ). TGX-221, a selective inhibitor of PI3K␤, also mimicked the effect of the pan-specific inhibitors on the odorant-evoked response and is increasingly recognized to also couple through GPCRs in other systems (Condliffe et al. 2005; Guillermet-Guibert et al. 2008; Murga et al. 2000; Yart et al. 2002) . Having odorants activate PI3K in a G-protein-dependent manner is consistent with our understanding that known mammalian ORs are GPCRs (Buck 1992) . Our data do not address the interesting possibility that this could be a G protein other than G olf , the excitatory G protein in canonical ORNs. Certainly other receptors signal in a ligand-specific manner through multiple G proteins, including the ␤2-adrenergic receptor (Xiao 2001) , the corticotropin-releasing factor receptor (Blank et al. 2003) , and the dopamine D 1 receptor (Mannoury la Cour et al. 2007) , and multiple G proteins in addition to G s /G olf , including G i/o and G q , occur in olfactory cilia (Gorojankina et al. 2007; Mayer et al. 2008; Schandar et al. 1998) .
Collectively, our results provide compelling support for the idea that PI3K-dependent signaling mediates inhibitory odorant input to mammalian ORNs and at least in part contributes to the mixture suppression typically seen in the response of ORNs to complex natural odorants. Knowing which odorants activate PI3K, the nature of the receptor coupling, and the possible interaction with PLC-dependent signaling (Klasen et al. 2010 ) will be important next steps to more fully understand the detailed role of phosphoinositide signaling in mammalian olfactory transduction.
